Heart failure is a chronic disease marked by frequent hospitalizations due to pulmonary fluid congestion. Monitoring the thoracic fluid status may favor the detection of fluid congestion in an early stage and enable targeted preventive measures. Bioelectrical impedance spectroscopy (BIS) has been used in combination with the Cole model for monitoring body composition including fluid status. The model parameters reflect intracellular and extracellular fluid volume as well as cell sizes, types and interactions. Transthoracic BIS may be a suitable approach to monitoring variations in thoracic fluid content.
Introduction
Heart failure (HF) is a chronic disease that poses a major challenge to healthcare systems in developed countries. The prevalence of HF increases with age and HF has become the leading cause of hospitalization among elderly patients [1] . Most HF hospitalizations are associated with fluid congestion of the lungs, which starts before other signs and symptoms of health deprecation [2] [3] [4] [5] . Therefore, fluid status monitoring may provide early feedback, contributing to improved management of HF patients [6] .
The standard approach to monitor fluid status in HF is based on variations in body weight. However, it was found that body weight has low performance in predicting hospitalization [4] and that there is only poor correlation between symptoms and changes in body weight [7] . This may be due to the fact that the mechanism underlying fluid congestion is not limited to fluid retention, but also includes intravascular fluid redistribution towards the lungs, which is most likely to occur in the early stages of congestion [8, 9] . Therefore, a more specific approach for detecting pulmonary fluid congestion that is sensitive to fluid redistribution is based on monitoring the pulmonary capillary wedge pressure (PCWP) [10] . However, the measurement of PCWP is an invasive technique, which limits its widespread use.
A different approach to monitor fluid status that may be applied non-invasively relies on measurements of bioimpedance. Living organisms are complex structures consisting of cells filled with intracellular fluid (ICF). The cells are suspended in extracellular fluids (ECF), e.g. the interstitial fluid in tissues, or blood plasma. When excited by an alternating electrical current, biologic tissues show a complex electrical bioimpedance that varies with tissue composition [11] ; increased fluid volume causes the bioimpedance to decrease. Although the frequency of the applied current is not standardized for fluid status monitoring, it is commonly in the so-called "β-dispersion" range 5-1000 kHz. Due to the capacitive behavior of the cell membranes, low frequency currents pass through the ECF around the cells and high frequency currents penetrate the cell membranes passing through both ECF and ICF [12] . Hence, the sensitivity of bioimpedance measurements to different fluid compartments (ECF or ICF) depends on the excitation frequency.
The technique of measuring bioimpedance over a wide frequency range is known as bioelectrical impedance spectroscopy (BIS). The data are distributed along a circular arc (impedance locus) in the plane of complex numbers. An empirical model, known as the Cole model [13] , which describes the circular arc and the frequency scale, has been widely used in order to derive electrical properties of tissue. The model parameters are associated with tissue composition, including intracellular and extracellular fluids, and tissue structure [11] . Previous studies have shown that altered tissue composition leads to changes in the impedance locus, e.g. displacement, contraction, enlargement or rotation, which are reflected by the parameters of the Cole model [14] [15] [16] .
Bioimpedance measurements have been used in the assessment of body composition, including body fat, muscle mass and total body water [11, 17] , as well as in monitoring hemodialysis [18] [19] . These applications rely on whole body measurements obtained using a hand-to-foot electrode configuration. However, the impedance of the thorax accounts for a disproportionately small fraction of the whole body impedance (10%) compared to body weight (4%) [20] [21] [22] . Therefore, segmental bioimpedance measurements of the thorax have been suggested in order to maximize the sensitivity to changes in pulmonary fluid volumes [23] . Thoracic measurements have been shown to be sensitive to fluid loss after thoracentesis in patients with fluid accumulation below the lungs, in the pleural cavity [24, 25] . Studies in HF patients with pulmonary edema, i.e. excess fluid distributed within the lungs, in the interstitium and alveoli, have shown that thoracic bioimpedance is also sensitive to fluid drained by intravenous administration of diuretics [26] [27] [28] . These studies have revealed that thoracic bioimpedance decreases once a large amount of fluid is drained from the thorax. However, these scenarios do not resemble the initial stages of pulmonary congestion, which are characterized by small volumes of excess fluid that are mainly contained in the pulmonary vasculature. The ability to detect the accumulation of these small fluid volumes may allow early medical interventions.
A major challenge of studies that use segmental bioimpedance measurements in the assessment of fluid status is the lack of an adequate reference for changes in fluid volume in the segment of interest, e.g. the lungs. This shortcoming may be addressed by magnetic resonance imaging (MRI), which is a minimally invasive technique that has the ability to quantify the pulmonary fluid volume. To this aim, MRI uses measurements of blood flow based on phase contrast MRI (PC-MRI) sequences [29] , and indicator dilution measurements using gadolinium-based contrast agents in combination with dynamic contrast-enhanced MRI (DCE-MRI) sequences [30, 31] . Repeated MRI measurements may be used to correlate variations in thoracic bioimpedance with changes in intrathoracic fluid volumes.
In this study, we sought to identify bioimpedance based measures that are sensitive to small changes in thoracic fluid volumes. We induced blood displacement through pneumatic compression of the legs and measured thoracic bioimpedance using the BIS approach. We determined tissue properties based on the parameters of the Cole model and assessed their feasibility for monitoring thoracic fluid accumulation. We used MRI in order to quantify the induced changes in pulmonary blood volume.
Materials and methods
The study is part of a larger investigation aimed at comparing the effect of intrathoracic fluid variations on BIS and MRI measures. Pneumatic compression of the legs was applied as a fluid challenge to achieve a displacement of blood volume from the legs towards the thorax. Subjects underwent two repetitions of the fluid challenge paralleled by the acquisition of BIS and MRI measurements, respectively.
Study population
The study was conducted at the Catharina Hospital Eindhoven, The Netherlands. The protocol was approved by the local medical ethics committee and was registered as a clinical trial at clinicaltrials.gov (NCT02364193). Eligible for the BIS part of the study were healthy adults (age ≥ 18 years) without known history of cardiovascular pathologies, and with body mass index (BMI) between 18 and 25. All participants provided written informed consent at enrollment.
Pneumatic leg compression
A common physiological maneuver used to induce a gravitational displacement of blood volume from the lower extremities towards the thorax is passive leg raising (PLR) [32] . The maneuver involves the assisted raising of the legs from the horizontal. Although thoracic BIS measurements may be acquired during PLR, they may be confounded by undesired effects occurring during the maneuver: the advancement of abdominal organs towards the thorax alters the aggregated resistivity of the thoracic tissue and contributes to a deformation of the thoracic contour [33, 34] . Similar effects occur during maneuvers that involve tilting the whole body, e.g. head down tilt [35] . To exclude confounding factors related to postural changes, subjects maintained a supine body posture throughout the measurement session. Variations in thoracic fluid volume were induced through external pneumatic compression of the legs by means of a Lympha-mat Digital (Bösl Medizintechnik, Aachen, Germany) gradient pump system. The system consists of an automatic air pump connected to a pair of inflatable leg sleeves each with 12 overlapping airchambers ( Figure 1 ). Both leg sleeves are inflated in parallel: the chambers are inflated individually in temporal succession starting from the foot to the upper leg (distal to proximal). Inflation ends when the pressure in each air chamber has reached a predefined target value. In our study, the chamber pressure was distributed with a spatial gradient along the leg, such that at the end of an inflation cycle the pressure reached 100 mmHg in the four most distal chambers, 80 mmHg in the four intermediate chambers, and 60 mmHg in the four proximal chambers. The high pressures were aimed at maximizing the blood volume displaced from the legs and the spatial gradient at preventing venous pooling in the feet. Under normal operational conditions, the compression device automatically releases the pressure simultaneously from all chambers by opening a valve once the target pressure profile has been reached, and starts a new inflation cycle. To allow sufficient time for measurements, we adapted the device to maintain the pressure profile in the leg sleeves until the manual opening of the valve. Before the pump was started, participants lied in supine position wearing the deflated leg sleeves for 10 minutes to achieve a physiological steady state. The progressive inflation of the leg sleeves was typically finalized in 5 minutes. The target pressure profile was kept constant for 5 minutes. The pressure was subsequently released with a manual command of the valve and participants remained in supine position without compression for 10 minutes. An overview of the compression protocol is shown in Figure 2 .
Bioimpedance spectroscopy
When excited by an alternating electrical current, tissue shows a frequency dependent behavior: low frequency currents flow around the cells through the extracellular fluid, and high frequency currents are able to penetrate the cell membranes and flow through both intracellular and extracellular fluids (Figure 3a) . A simplified electrical circuit that illustrate this phenomenon consists of a resistor for the extracellular path (R E ) in parallel with a capacitor (C M ) for the frequency dependent behavior of the cell membranes and a resistor for the intracellular path (R I ) (Figure 3b ). When measured over a wide frequency range, tissue bioimpedance values often describe a circular arc (impedance locus) centered below the resistance axis of the complex impedance plane (Figure 3c ). The data do not accurately fit the impedance of the simplified electrical circuit (Figure 3b ) because the cell membranes cannot be modelled by an ideal capacitor. To mathematically describe experimentally acquired data, Cole proposed the following empirical equation [13] = 1 where is the complex bioimpedance as a function of the frequency , is the impedance at very low frequencies ( → 0), is the impedance at very high frequencies ( → ∞), is the frequency corresponding to the peak of the circular arc where the reactance reaches its maximum, and (0 1) is a dimensionless exponent which defines the depression of the circular arc with respect to the resistance axis. Spectroscopic bioimpedance measurements can, hence, be described using the four Cole model parameters , , and .
Based on the Cole model, several measures may be used to characterize and monitor changes in tissue composition. The fluid content of different fluid compartments is reflected by the resistance of the extracellular fluids = ), the aggregated resistance of intracellular and extracellular fluids = ∥ , the resistance of intracellular fluids = ⁄ , or the ratio between the resistance of extracellular and intracellular fluids as an approximate value of the fluid distribution ( = = / 1 ⁄ ) [36] . The tissue structure, including cell types, sizes and interactions, is reflected by the characteristic frequency of the tissue ( ) and the distribution of relaxation times ( ). More details about the model and the interpretation of its parameters can be found in [37] .
Data acquisition
TI was monitored using a commercially available BIS device SFB7 (ImpediMed Ltd, Brisbane, Australia). The device measures bioimpedance at 256 frequencies in the range 3 -1000 kHz using a tetra polar electrode configuration (two electrodes for the application of an excitation current, and two for voltage measurements). A transthoracic electrode placement was used to maximize the sensitivity of the measurement to pulmonary fluid [23] : an excitation and a measurement electrode were placed on either side of the chest, along the axillary lines at the level of the 5 th intercostal spaces (Figure 4) . The distance between neighboring electrodes was approximately 5 cm. BIS measurements were acquired throughout the leg compression protocol in continuous mode for 30 minutes at a rate of 40 bioimpedance spectra/minute. Subjects were asked to perform end-expiratory breath hold at specific time instances: at baseline (BL), after maximum inflation at steady pressure (SP), before deflation (BD), after deflation (AD). The breath hold intervals enable an assessment of a steady state TI without respiratory variations. 
Data analysis
Each bioimpedance spectrum was used to derive Cole model parameters ( , , , ), resistances of the extracellular and intracellular fluid compartments ( , ), the ratio K, and the geometrical properties of the circular arc: radius (R), depression of the center with respect to the resistance axis (X c ), and arc segment area (A). To this aim, the Cole model was fitted to the BIS data using the software BioImp 5.4 (ImpediMed Ltd, Brisbane, Australia) which implements a multiple linear regression algorithm. Values corresponding to the intervals of end-expiratory breath hold were averaged to minimize measurement errors and the variability due to the cardiac cycle. To assess the effect of thoracic fluid changes on model parameters, we compared the breath-hold intervals around the inflation (BL-SP) and deflation (BD-AD) of the leg sleeves using the paired Student's t-test. Normal distribution of the samples was verified using the Lillieforce test. A p-value <0.05 was considered statistically significant. The data analysis was performed in Matlab® 2015b (Natick, MA, USA).
Cardiac magnetic resonance imaging
To confirm and quantify the changes in intra-thoracic blood volume induced by the fluid challenge we used MRI-based indicator dilution measurements. Each subject participated in a repetition of the pneumatic leg compression protocol paralleled by minimally-invasive MRI measurements. MRI was performed on a 1.5 T Ingenia MR scanner (Philips Healthcare, Best, The Netherlands) with a phased-array cardiac coil.
To enable the estimation of pulmonary blood volume, paired measurements of PC-MRI and DCE-MRI were acquired repeatedly before, during and after pneumatic leg compression. The PC-MRI measurements were used to determine stroke volume (SV). Each DCE-MRI measurement included intravenous injections of 0.2 mmol Dotarem (Guerbet, Villepinte, France) contrast agent diluted into 5 mL saline solution. The injections were administered intravenously at the rate of 5 mL/s using an automated MR injector (Medrad, Indianapolis, US). Following the injection, a dynamic series of images was acquired. Based on the linear relationship between CA concentration and MR signal [30] , indicator dilution curves were derived and used to fit the local density random walk (LDRW) model [38] . Intra-thoracic transit time (ITT) was determined as the difference between the mean transit times of the left and the right ventricular indicator dilution curves. Heart rate (HR) was derived from the ECG signal used for gating. Finally, intra-thoracic blood volume was obtained using the formula: = • • . The detailed processing methods for deriving the MRI-based measures can be found in [31] .
Results
A total of 8 healthy volunteers aged 39 ± 13 participated in the study. All subjects were males with a body mass index (BMI) of 23.9 ± 2.3 kg/m 2 and a body surface area (BSA) of 1.95 ± 0.12 m 2 . The Cole model parameters of the study group at baseline were = 51.4 ± 6.7 Ω, = 25.0 ± 7.0 Ω, = 49.0 ± 10.5 kHz, = 0.687 ± 0.027, the resistances of individual fluid compartments were = 51.4 ± 6.7 Ω, = 50.5 ± 22.9 Ω, the fluid distribution K = 1.12 ± 0.3, and the geometrical characteristics of the impedance locus were R = 15.7 ± 1.3 Ω, X C = −8.5 ± 1.5 Ω, A = 134.0 ± 15.6 Ω 2 . Pneumatic leg compression led to a reversible increase in pulmonary blood volume in the order of 90 ± 57 mL according to our MRI measurements.
Compression of the legs also had a reversible effect on transthoracic bioimpedance, which decreased ( Figure 6 ). Examples of bioimpedance spectra before and after the inflation of the leg sleeves are shown in Figure 5 . During inflation, the Cole arc contracted and moved progressively to the upper-left of the complex bioimpedance plane. In particular, the resistances , and , and the geometrical properties of the arc R, X C , and A decreased until the target pressure profile was reached ( : −1.5 ± 0.9 %, p < 0.01; : −2.1 ± 1.1 %, p < 0.01; : −2.6 ± 1.6%, p < 0.01; R: −1.6 ± 1.3 %, p < 0.05; X C : −1.7 ± 1.5 %, p < 0.05, A: −2.9 ± 1.2 %, p < 0.01). The opposite effect occurred rapidly upon pressure release ( : +1.4 ± 0.8 %, p < 0.01; : +1.6 ± 0.9, p < 0.01; : +1.8 ± 1.3 %, p < 0.01; R: +1.3 ± 0.9 %, p < 0.01; X C : +1.7 ± 1.0 %, p < 0.01, A: +2.0 ± 1.9 %, p < 0.05). The ratio K did not change significantly during the two transitions, suggesting that the fluid distribution between the intracellular and extracellular compartments remained stable.
There was no significant change in to indicate a rotation of the Cole arc with the induced variations in thoracic blood volume. There was also no significant change in that would indicate changes in the distribution of time constants in the thoracic tissue as a result of the induced fluid displacements. Figure 7 shows the typical temporal evolution of the analyzed Cole model parameters and the geometrical properties of the arc throughout the compression protocol for one subject. 
Discussion
The aim of this study was to evaluate the sensitivity of thoracic bioimpedance measured using the BIS technique to variations in intrathoracic fluid content induced through redistribution of peripheral blood. By increasing the intrathoracic blood volume, we simulated, in a controlled environment, effects of incipient pulmonary congestion that is characterized by vascular fluid redistribution [8, 9] . By decreasing the intrathoracic blood volume, we simulated decongestion that, in HF, is typically achieved through administration of diuretics. Redistribution of blood was achieved through external compression of the legs in order to minimize the potential confounding effects associated with changes in body posture and organ shift on BIS measures [33, 34] . To quantify the changes in thoracic fluid volume induced by our fluid challenge we used MRI, which confirmed that the changes in the pulmonary circulation were small, in the order of 90 mL, and reversible. By design, our compression protocol led to a redistribution of whole blood from the legs without altering blood composition.
Due to the compliance of the pulmonary vessels, it is likely that the small increase in fluid volume did not lead to extravascular leakage while the external pressure was maintained on the legs.
When a fraction of the peripheral blood was shifted to the thorax, we observed that the circular arc contracted and moved towards lower impedance values. This suggests that the increase in intravascular fluid led to an increase in the aggregated conductivity of the thoracic tissues. The opposite effect was observed when compression ended, i.e. the circular arc returned towards the original position and size. Of the four model parameters ( , , , ) , only the extrapolated resistances at 0 and infinite frequency ( and ) showed significant changes and were, thus, sensitive to the small variations in pulmonary blood volume. When considering the equivalent electrical circuit, we observed significant changes in intracellular and extracellular resistance ( and ), which both followed similar trends, inverse to the thoracic fluid variation. This suggests that and reflect the respective variations in blood plasma (extracellular fluid compartment) and complete blood count (intracellular fluid compartment). Our observation that the ratio K, as a measure of fluid distribution, remained stable during the fluid challenge is in agreement with the fact that blood plasma and intracellular fluid each account for approxi-mately half of the total blood volume and that there is no significant difference in resistivity between intracellular and extracellular fluids [36] .
Given that the blood composition was not altered during our experiment, it is unlikely that the temporary displacement of whole blood towards the thorax may have caused osmotic in-equilibrium, which leads to fluid shift between the intracellular and the extracellular fluid compartments. According to the Cole theory, fluid shift through the cellular membranes would result in opposing trends in and , which were not observed in our study. However, the absence of fluid shift could not be verified based on our MRI measures, as these do not enable a discrimination between intracellular and extracellular fluid volumes.
The characteristic frequency of most muscle tissue is 50 kHz, which is approximately equal to the baseline value observed in our study group. The characteristic frequency of whole blood is 2 MHz [37, 39] , which exceeds the frequency range used for our BIS measurements. Taken separately, blood and tissue can be considered as independent Cole systems with f c values that differ by orders of magnitude. An aggregated system obtained by increasing the blood volume in tissue as was done in our study can, theoretically, reveal two circular arcs depending on the relative volume of blood compared to tissue and the frequency range used for the BIS measurement [37] . A second circular arc could not be distinguished in our study data and the standard error of estimate for the model fit was stable. Furthermore, f c remained stable throughout the fluid challenge, i.e. the impedance locus did not rotate. This suggests that the frequency scale of thoracic tissue is a dominant mechanism and that the impedance arc and the frequency scale were not affected by the relatively small increase in thoracic blood volume in the frequency range used for our measurements.
The parameter , which is used to model the depression of the Cole arc with respect to the resistance axis did not vary significantly during our experiment. Geometrically, depends on the depression of the arc's center with respect to the resistance axis and on the radius (R), which were both affected by our experiment. The decrease in bioimpedance expressed by a contraction of the Cole arc (reduction in R) was compensated by an upward shift of the arc's center. is regarded as a measure of distribution of relaxation times due the differences in cell sizes, types and interactions in the various structures making up the heterogeneous tissue [37] . Hence, our results indicate that relatively small variations in thoracic blood volume have no significant effect on the distribution of relaxation times of the thoracic tissue. However, the vertical displacement of the arc's center in the absence of variations suggests that the parameter may be sensitive to specific changes in tissue structure, such as variations in blood content, and should therefore be the object of further investigation.
Previous studies have used Cole modeling for BIS measurements obtained with a transthoracic electrode configuration in the context of thoracic fluid accumulation [24, 26] . Only a limited number of parameters were available for comparison with our results ( and ). In contrast to our in-vivo simulation of early stages of pulmonary congestion, these studies have investigated late stages of thoracic fluid accumulation in patients treated for HF decompensation or pleural effusion. In HF, the main characteristics of advanced fluid congestion are a positive fluid balance and elevated pulmonary pressures, which lead to a leakage of vascular extracellular fluid (blood plasma) into the extravascular space (interstitium) and subsequently into the alveoli resulting in pulmonary edema. During this process, fluid may also shift between the extracellular and intracellular space, through cellular membranes, due to changes in trans-membrane ion concentration. HF patients were studied while undergoing inpatient treatment with intravenous diuretics after hospital admission with pulmonary edema [26] . Because direct, non-invasive measures of thoracic fluid or excess fluid volume are typically not available in standard clinical practice, changes in body weight were used as a surrogate. The study reported that an average weight loss of 1.6 kg during diuretic therapy was reflected into a transthoracic impedance change of : +25 % and : +10 % relative to the discharge ("dry") value. A study in patients with pleural effusion reported changes of : +10 % and : +2 % relative to the "dry" value for an average of 1.2 L of fluid removed from the thorax [24] . Pleural effusion consists mainly of extracellular fluid and is located below the lungs. The results of these studies are in agreement with our finding that and are sensitive to changes in thoracic fluid volume and are expected to decrease as the fluid volume increases.
Based on the results reported by the two studies in HF and pleural drainage patients [26, 24] , we derived the ratio = / , which may be used as a measure of fluid distribution because the resistivity of intracellular and extracellular fluids is stable [39] . The expected effect of an extracellular fluid shift into the intracellular space while the total fluid volume remains constant, is an increase in , a decrease in , and an increase in K. Furthermore, K may also increase as a result of increased due to drainage of extracellular fluid from tissue. In HF patients, K increased from 0.57 to 0.63 and in pleural effusion patients from 0.57 to 0.62 [24, 26] . The pleural effusion study included a separate control group of healthy subjects with K = 0.94, which is comparable to our results. K was lower in patients suffering from thoracic fluid accumulation most likely due to the excess of extracellular fluid, which is reflected into lower values. The fact that, after therapy, K of patients remained low compared to the "healthy" value indicates that the patients were discharged before the "dry" state was reached. Taken together, the results of these studies suggest that is sensitive to fluid accumulation both in the vascular and the extravascular compartments. Furthermore, monitoring , and K may aid discharge planning and help to discriminate between excess fluids which consist mainly of extracellular fluid (e.g. interstitial, alveolar or pleural fluids) or both intra-and extracellular fluid (e.g. whole blood).
The Cole model has also been studied in combination with whole body BIS measurements for monitoring total body water during sessions of hemodialysis [15, 18, 19] . The studies report a general increase in bioimpedance, i.e. a displacement of the Cole arc towards higher values following fluid drainage. In particular, a study that reported multiple variables derived based on the Cole model found changes by : +26 %, : 0 %, : +8 % and : +175 % for an average weight change of −4 kg due to ultrafiltration [15] . In contrast to our results, did not change significantly before and after the dialysis session probably because fluid removed through ultrafiltration is mainly from the extracellular space. The authors acknowledge that the changes in and require further investigation [15] .
Conclusions
In this study, we simulated fluid redistribution as an early mechanism on pulmonary congestion in order to investigate the effects on measures derived from transthoracic BIS measurements according to the Cole model. Using external leg compression, we achieved a reversible increase in pulmonary blood volume in the order of 90 mL (measured by MRI). Geometric characteristics of the impedance locus (R, X C , A) and the Cole variables reflecting fluid content in the extracellular and intracellular compartments ( = , , ) were sensitive to the small variations in thoracic blood volume. The ratio K denoting fluid distribution, and variables reflecting tissue structure; , , remained stable. Our results, together with previous studies, suggest that may be an adequate parameter for monitoring early to late stages thoracic fluid accumulation due to its sensitivity to vascular, interstitial, alveolar and pleural fluids. Our early findings on the correlation between and pulmonary blood volume assessed by MRI are available in [40] . Use of additional parameters e.g. , K, , , X C may enable the discrimination between different types and stages of thoracic fluid and should be the focus of future research.
